Late Mesozoic lithospheric extension in NE Asia resulted in the development of a large extensional province and widespread formation of volcanosedimentary basins. Songliao basin is the biggest in that region, situated between the Siberian and Sino-Korean (North China) cratons. The Songliao basin contains voluminous volcanic rocks as a major part of the basin fill. Volcanic successions form a significant but unexposed part of the late Mesozoic magmatic province in NE China. Here we report zircon U-Pb ages and geochemical data for felsic volcanic rocks from the Songliao basin. Zircon populations of two types of rhyolites with distinct I-and A-type affinities, analyzed by laser ablation inductively coupled plasma mass spectrometry, yielded similar U-Pb ages of 114 5 2 and 113 5 2 Ma, respectively. Whole-rock Nd and zircon Hf isotope data of the felsic rocks indicate an origin from newly formed crustal protoliths. The I-type dacites and rhyolites show geochemical signatures with subduction-related affinity, indicating generation by partial melting of juvenile crust that originated from melting of subduction-modified mantle sources, whereas the A-type rhyolites have higher heavy rare earth element and high field strength element concentrations and lower Ba/Nd ratios that are interpreted as evidence for melting of I-type felsic lower crustal sources in an intraplate tectonic environment. Typical geochemical compositions of A-type rhyolites indicate anorthite-rich plagioclase as a residual magmatic phase and imply melting at shallow crustal levels. The A-type felsic rocks were generated during a period of maximum lithospheric extension below eastern China around 110 Ma, and this thinning process was probably related to the retreat of the Paleo-Pacific trench.
Introduction
Northeast China located between the Siberia and North China cratons comprises a Paleozoic orogenic collage that is traditionally considered the eastern segment of the Central Asian Orogenic Belt (CAOB). Major parts of eastern China and eastern Mongolia experienced lithospheric extension during the late Jurassic and early Cretaceous, and these processes drove the formation of a basin-and-range province (Li et al. 1995; Ren and Li 1998; Ren et al. 2002) . The basins display a remarkable diversity of style and size and vary from low-strain extensional basins, to transtensional basins, to rapidly filled basins associated with high-strain extensional metamorphic core complexes Graham et al. 2012) . Late Mesozoic granitoids and volcanic rocks are also widespread along the East Asian continental margin, and their generation has been discussed in the geological literature over the past decades (e.g., Itsikson et al. 1965; Li et al. 1995 Li et al. , 2014a Sokolov et al. 1999; Liu et al. 2001; Wang et al. 2006a; Zhang et al. 2010) . Due to the diversity of the igneous assemblages, different models on the Mesozoic tectonic setting of NE China have been proposed (e.g., Wang et al. 2006a; Zhang et al. 2010; Wu et al. 2011a; Xu et al. 2013) . Temporal relations between the magmatic activities are still obscure, partly due to the fact that inconsistent ages have been obtained on the same igneous formation by different geochronological methods (e.g., Wang et al. 2002a Wang et al. , 2002b Zhang et al. 2011; Xu et al. 2013 ). To better understand the generation of the late Mesozoic igneous rocks and their tectonic affinities, representative samples need to be examined with adequate isotopic and geochronological methods.
The Songliao basin is the most important oiland gas-bearing basin of China. Voluminous late Mesozoic volcanic rocks are covered by an Albian to Maastrichtian sedimentary succession, up to 6 km in thickness ). Geochronological data indicate a long-lasting magmatic evolution from ca. 158 to 113 Ma (Wang et al. 2002a ). Other dating results suggest that the peak of volcanic activity occurred during the late Cretaceous (Xu et al. 2013) . Geochemical data and field observations of the extension-related volcanic rocks have documented a variety of compositions (e.g., Meng et al. 2013) , reflecting the complexity of magma sources. This study confirms the presence of two types of felsic volcanic rocks in the Songliao basin with distinct compositional characteristics that allow us to constrain different magma sources and to make inferences about the temporal variation of lithospheric extension in this area.
Geological Setting and Sample Description
The Songliao basin, located on the eastern part of the CAOB, covers an area of 260,000 km 2 and is the most prolific oil-and gas-producing basin in northern China (e.g., Sengör et al. 1993; Dobretsov et al. 1995; Xiao et al. 2003; Windley 2007; fig. 1a) . It is situated to the south of the Mongol-Okhotsk suture that closed at 160-140 Ma (e.g., Zorin 1999) . In its present configuration, the Songliao basin is delimited by major faults and surrounded by mountain ranges that are mainly composed of Phanerozoic granites (Wu et al. 2011a; Ge et al. 2012 ; fig. 1 ). The depth to the Moho ranges from ∼27 km beneath the depression to more than 42 km below the surrounding mountains and tilts northwestward, with the shallowest and deepest Moho being located at the eastern flank of the basin and the Great Xing'an range (Tao et al. 2014 ; fig. 1a ). The deepseated mantle high beneath the Songliao basin strikes NNE and coincides with the overlying Cretaceous depression .
Basement rocks within and around the Songliao basin comprise Paleozoic marine metasediments, andesites, and granites. Some gneisses and schists were assigned to be Precambrian in age (Wang et al. 1993) . Recent studies, however, have shown that Precambrian rocks are actually absent beneath the Songliao basin and the gneisses and schists are mainly deformed Paleozoic magmatic rocks. Nevertheless, whether Precambrian basement rocks occur is still a matter of debate (e.g., Pei et al. 2007 Pei et al. , 2008 Yu et al. 2008; Zhang et al. 2008b; Wu et al. 2011a ).
The basin sequence shows evidence for three main tectonic stages, that is, early rift, middle sag, and late inversion (Song 1997; Ren et al. 2002; Wang et al. 2002b) . During the early-rift stage, normal faulting and episodic volcanic eruptions lead to the growth of several discrete NE-SW-and NNE-SSWtrending rift basins. Basin fill consists of the late Jurassic to early Cretaceous Huoshiling and early Cretaceous Shahezi and Yingcheng (JBGMR 1988; Xu et al. 2013) Formations. Deposition of the Huoshiling and Yingcheng Formations was concomitant with substantial volcanic activity, whereas the Shahezi Formation contains abundant alluviallacustrine sediments. The intense volcanic activity ceased after the syn-rift phase. In the late Cretaceous sag stage, tectonic activity decreased and basin-infill strata progressively onlapped the basin margin and were deposited in a broad downwarped lacustrine depression. Near the end of the late Cretaceous, inversion of the basin occurred on NE-and NNEtrending faults, with alternating anticlinal and synclinal trends. The area of the lacustrine basin was significantly reduced and elevated to its present topographic position.
In the study area, late Mesozoic volcanic rocks (Huoshiling and Yingcheng Formations) were erupted or emplaced over large areas in an evolving basinand-range setting (Graham et al. 2012) . Drill cores from the Songliao basin indicate that these rocks are widespread at a depth between 1500 and 4800 m, with volcanic horizons tens of meters to 1000 m thick interlayered with sedimentary strata (Wang et al. 2002b; Zhang et al. 2011 Ar dating on drill-core samples yielded late Jurassic (158-147 Ma) ages (Wang et al. 2002a (Wang et al. , 2002b , but recent U-Pb zircon dating on trachyandesite and andesite of the Huoshiling Formation indicates early Cretaceous ages (133-129 Ma; Pei et al. 2008) . Felsic volcanic rocks of the Yingcheng Formation are widespread in the Songliao basin and are exposed along its eastern margin ( fig. 1b) . U-Pb dating of zircons yielded crystallization ages of 120-110 Ma in the northern part of Songliao basin (Ding al. 2007; Zhang et al. 2007 Zhang et al. , 2008a Jin et al. 2011) and 119-109 Ma in the southern part of the basin (Pei et al. 2008; Zhang et al. 2011) . These ages (i.e., 120-109 Ma) are younger than previously reported 40 Ar/
39
Ar ages (136-113 Ma) on drill-core samples (Wang et al. 2002a (Wang et al. , 2002b .
In this study, we analyzed 23 felsic rock samples and zircons of two different types of dacites/rhyolites. Dacites and rhyolite samples are porphyritic rocks with phenocrysts of plagioclase (oligoclase), sanidine, quartz, biotite, and more rarely amphibole and account for approximately 10%-20% of the rocks by volume. The phenocrysts are submerged into an aphanic or microspherulitic groundmass consisting of completely recrystallized glass with rare plagioclase laths and small quartz grains. Flow banding and spherulitic and perlitic textures are common.
Analytical Methods
Zircon U-Pb Dating and Trace Element Analyses.
The zircon concentrates were isolated from crushed rocks by standard magnetic-and heavy-liquid mineral separation techniques. More than 100 zircon grains of each sample were handpicked under a binocular microscope for analysis. Selected crystals were transparent, colorless, and mostly subangular, with some grains showing well-defined prisms and euhedral to subhedral habitus. The zircons then were mounted on adhesive tape, embedded in epoxy resin, and polished to about half of their thickness to expose their inner structure. Cathode luminescence (CL) images were taken with a Cameca SX-50 microprobe at the Institute of Geology and Geophysics, Chinese Academy of Sciences (IGG-CAS), Beijing. Zircon U-Pb isotopic compositions and trace elements were analyzed at the Key Laboratory of Crust-Mantle Materials and Environments at the University of Science and Technology of China (USTC), Hefei. We used an inductively coupled plasma mass spectrometer (ICP-MS; Perkin Elmer Elan DRC II) equipped with a Microlas system (GeoLas 200M, 193 nm ArF-exc imer laser). The analyses were carried out with a pulse rate of 10 Hz, beam energy of 10 J/cm 2 , and spot diameter of 60 mm, sometimes 30 mm where necessary. Signal and background measuring times were 70 and 40 s, respectively. Age calculations were calibrated against Zircon 91500 reference material analyzed after every fifth sample spot. In order to avoid an age bias due to selective analysis of a certain type of zircon and specific zircon domains, cores and rims of more than 20 grains of different sizes were randomly analyzed. More details on the laser ablation U-Pb dating technique are given in Liu et al. (2007) . The conventional correction procedure for common lead could not be used due to the low 204 Pb signal and interfering 204 Hg from Ar. Instead, we used the procedure "ComPbCorr#3_18" of Andersen (2002) , which solves for the mass balance caused by the combined effects of common lead and lead loss at a specific time. The U-Pb raw data were processed with Glitter 4.0 (Macquarie University, Sydney, Australia), and the U-Pb ages were calculated with ISOPLOT 3.0 (Ludwig 2003 Pb system because of its high precision for young rocks. The analytical data are listed in table S1 (tables S1-S3 available online).
Element concentrations of zircons were calibrated against the NIST610 reference material, which was measured twice every 10 sample spots. The internal standard was stoichiometric Si for zircon. During time-resolved analysis, contamination resulting from inclusion and fractures was monitored by different elements, the corresponding part of the signal was excluded, and spikes in time-resolved signals were filtered. We note that contaminations from microinclusions whose signal spread over the entire analysis cannot be eliminated with this procedure. The results were processed using the macro program LaTEcalc.xls written in Excel spreadsheet software. The detailed analytical procedure follows Yuan et al. (2004) . Precision and accuracy of the NIST-610 analyses range from 2% to 5% for rare earth elements (REE), Y, Rb, Sr, Nb, Ta, Hf, Th, and U at parts per million concentration level and from 8% to 10% for P, Ti, and Pb. The analytical data are listed in table S2.
Identification of Mineral Inclusions. Mineral inclusions in zircons were identified by laser Raman microscopy (Thermo Scientific; Nicolet, DXR) at USTC Hefei. This analysis was carried out to identify zircons suitable for further analysis. The measured laser power of the 532-nm excitation line of the Nd∶YVO 4 laser was 24 mW on the sample with a ∼1-mm spot size. The aperture was 25-mm pinhole. Raman spectra were collected in four accumulations of 8 s each in the range of 100-3500 cm 21 in steps of 3 cm
21
. Monocrystalline silicon and polystyrene were analyzed during the analytical session to monitor the precision and accuracy of the Raman data.
Whole-Rock Major and Trace Elements. Whole-rock samples were crushed and chips free of weathered material and amygdules were ground in a tungstencarbide mill. Major-element concentrations were determined on glass tablets at IGG-CAS Beijing with wavelength-dispersive X-ray fluorescence spectrom-etry (SHIMADZU XRF 1500 spectrometer; method described in Guo et al. 2006) . Loss on ignition (LOI) was determined on ca. 5 g of sample powders baked at 10007C for 10 h. Precision of the major-element concentrations is ≤3%, and the accuracy as determined on the Chinese whole-rock standard GSR-1 is ∼5%.
For trace-element analysis the sample powders were decomposed in a mixture of Hf and HNO 3 in high-pressure Teflon bombs for 2 d. The sample solutions were analyzed with the Elan DRC-II-ICP-MS at USTC using the procedures described in Hou and Wang (2007) . Ruthenium was used as an internal standard to correct for matrix effects and instrument drift. The total procedure blank of !35 ng for all elements is insignificant compared to the analyzed element concentrations. The precision of the trace element data is ∼5%, and the accuracy of the data is ≤5% for most elements as estimated from analyses of the USGS rock standards BHVO-2 and AGV-2.
Whole-Rock Sm-Nd Isotopes. The Sm-Nd isotopic analyses were carried out at Ludwig-MaximiliansUniversität (LMU) Munich according to the methods described in Hegner et al. (1995) . Sm and Nd concentrations were determined by isotopic dilution using . Note that the spectra contain host zircon peaks at 201-203, 223-226, 354-358, 415-443, 822, and 1007-1008 cm 21 . In situ zircon U-Pb age versus P concentration (c) and Th/U ratio versus P concentration (d) in zircons of felsic volcanic rocks from Songliao basin. Triangles p zircon grains from I-type felsic volcanic rocks; circles p zircon grains from A-type rhyolites (see fig. 6 for felsite classification). A color version of this figure is available online. of the JND (Tanaka et al. 2000) at LMU yielded 143 Nd/ 144 Nd p 0.512100 5 0.000006 (2j, n p 8).
Zircon Lu-Hf Isotope Analysis. We measured Hf isotopic composition of the zircons that had been used for U-Pb and trace element analyses. Laser ablation multicollector inductively coupled plasma mass spectrometry (LA-MC-ICP-MS) Lu-Hf isotope analysis was carried out at IGG-CAS Beijing. Instrumental conditions and data acquisition followed Wu et al. (2006) . A GeoLas-193 laser ablation microprobe was attached to a Neptune multicollector ICP-MS. During analyses, spot sizes of 60 mm with a laser repetition rate of 10 Hz at 100 mJ were used. Both He and Ar carrier gases were used to transport the ablated sample from the laser ablation cell via a mixing chamber to the ICP-MS torch. During analytical processes, the 176 Hf/
177
Hf ratios of standard zircons Mud Tank and GJ-1 were 0.282515 5 4 (2j, n p 90) and 0.282021 5 5 (2j, n p 54), respectively, in good agreement with the recommended values (Jochum et al. 2005 ).
Analytical Results
Apatite Inclusions in Zircons. Numerous mineral inclusions were found in the investigated zircons. Most of them have long columns with a width-tolength ratio of 1∶10 to 1∶5. The in situ microlaser Raman analyses reveal peaks at around 964 and 973 cm
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, which can be assigned to the typical peak positions of apatite and monazite ( fig. 2a, 2b ). Since most in situ analyses of zircons could not avoid such inclusions that show variable high light REE (LREE) and P (figs. 2c, 2d, 9b) concentrations, it is necessary to evaluate the influence of apatite inclusions on the precision of zircon U-Pb dating and trace element composition. As shown in figure 2c and 2d, there is no correlation between P concentration, single zircon age, and Th/U ratio, indicating that the effect of apatite inclusions on the analytical results (except for LREE) is negligible.
Zircon U-Pb Ages. LA-ICP-MS zircon-spot ages for two rhyolites from the Yingcheng Formation are shown in figure 4 , and the U-Pb isotope ratios and corresponding ages are given in table S1. Zircon grains from the two rhyolitic samples are colorless and transparent; some show well-defined prism faces and appear to have largely retained their euhedral to subhedral crystal shapes. CL images reveal that the zircon crystals show well-developed oscillatory zoning and lack any inherited cores ( fig. 3 ). Th/U ratios of 10.4 (table S2) are characteristic of an igneous origin (Hanchar and Hoskin 2003) . It is noticeable that zircons from sample SL0904 show less regular oscillatory zoning and crystal shapes, compared to zircon crystals from sample SL0919 ( fig. 3 ). In the following, the age results of these samples are described according to their lithology.
Sample SL0904 was collected from the type section of the Yingcheng Formation, located at Guanma Mountain, Jiutai City, Jilin Province (lat 44723′13.6″N, long 126708′10.8″E). In this profile, a large rhyolite is exposed, containing compact rhyolites and effusive rhyolites with lithophyses, flow banding, and vesicles. The sample for zircon U-Pb dating was taken from the uppermost section of the profile. Twenty-one concordant zircons out of 24 in total gave within-error data points with 206 Pb/ 238 U ages ranging from 122 5 6 (2j) to 104 5 6 (2j) Ma (table S1), with a weighted mean age of 113 5 2 Ma (2j; MSWD p 3.3, n p 21; fig. 4a ).
Sample SL0919 was collected from a rhyolitic porphyry layer ∼10 km northeast of the Guanma Mountain profile. Rocks in this area consist of basaltic-andesite, andesite, volcanic breccia, perlite, dacite, rhyolite, and tuff. The 206 Pb/ 238 U ages of 24 zircon grains out of 28 in total are concordant within error and range from 126 5 6 (2j) to 103 5 10 (2j) Ma (table S1), with a weighted mean age of 114 5 2 Ma (2j; MSWD p 2.4, n p 24; fig. 4b ).
Mean zircon ages of samples SL0904 and SL0919 overlap within error ( fig. 4 ) and are interpreted as the crystallization age of the rhyolitic rocks. Considering that both samples were collected from the upper Yingcheng Formation, their ages can be correlated with the fade out of Mesozoic volcanic activity in the Songliao area. Thus, the results constrain not only the time of lava eruption but also the final stage of the volcanic activity.
Whole-Rock Geochemistry and Zircon Trace Elements. Major-and trace-element data for 27 early Cretaceous rhyolitic rocks from the Songliao basin are listed in tables 1, 2. LOI ranges from 0.26 to 1.38 wt%. The rocks plot as dacites and rhyolites on a SiO 2 versus Na 2 O1K 2 O classification diagram (Le Bas et al. 1986; fig. 5 ) and show K 2 O/Na 2 O ratios 11, except two samples (FK11-114, FK11-116) that have high Na 2 O concentrations (tables 1, 2). SiO 2 concentrations range from 66 to 83 wt%. According to the geochemical characteristics, the volcanic rocks can be divided into I-type dacites and rhyolites and A-type rhyolites ( fig. 6a ). Including data from literature (Meng et al. 2010 Zhang et al. 2011) , the A-type rhyolites belong to the A1 subtype ( fig. 6b ), according to Eby (1992) , which represents basaltic differentiates emplaced during continental rifting or intraplate magmatism.
Further geochemical relationships between the I-and A-type rocks are shown in figure 7. Both suites show negative correlations between SiO 2 and Al 2 O 3 concentrations, indicating the presence of plagioclase fractionation during magma differentiation. The presence of different heavy REE (HREE)-rich minerals such as zircon and/or hornblende might have led to different fractionation trends in the SiO 2 versus HREE concentration diagram ( fig. 7c ). Phosphor content remains constant with increasing silica ( fig. 7b ), but the A-type rhyolites show much lower P concentrations compared to the I-type dacites and rhyolites. Similarly, the A-type rhyolites have higher HREE and high field strength element (HFSE) and lower Al 2 O 3 , TiO 2 , and MgO concentrations compared to the I-type dacites and rhyolites, indicating that the two rock types were formed from different sources and by different magmatic processes. The total REE contents in the I-type dacites and rhyolites vary from 98 to 217 ppm (average 158 ppm), whereas the A-type rhyolites have slightly higher REE concentrations ranging from 138 to 397 ppm (average 234 ppm). I-type rocks show subparallel REE patterns with slightly fractionated LREE and fractionated, concave HREE patterns ( fig. 8a) . The latter feature can be explained by the presence of amphibole, which occurs as microphenocryst in these rocks. Plagioclase fractionation is indicated by variable Eu anomalies. The A-type rhyolites have uniform REE patterns with concave HREE patterns but show distinct negative Eu anomalies and lower (La/Yb) N ratios (5-9) compared to the I-type rocks (5-14; fig. 8c ; tables 1, 2). All felsic rocks have welldefined negative Sr and Eu anomalies ( fig. 8b, 8d ) due to extensive feldspar crystallization and negative P anomalies ( fig. 8b, 8d) , indicating apatite fractionation during magmatic processes. The negative Ti anomalies ( fig. 8b, 8d) are probably due to fractionation of sphene, and this mineral is also present in thin section. It is noteworthy that the A-type rhyolites are highly depleted in Ba. Their Sr, P, Eu, and Ti anomalies are more pronounced than in the I-type rocks. I-type dacites and rhyolites show negative Nb anomalies compared to the A-type rhyolite samples in which Nb anomalies vary from slightly negative to positive ( fig. 8b, 8d) .
The trace elemental concentrations of analyzed zircons are given in table S2. In granitic melts, zircon is one of the early-crystallizing mineral phases, so the composition of zircon reflects the characteristics of primary magma. In the chondritenormalized REE diagram ( fig. 9b ), all zircons from I-and A-type volcanic rocks show steep positive patterns with negative Eu anomalies and positive Ce anomalies, and these are typical features of zircons from igneous rocks (Hoskin and Schaltegger Gray triangles p I-type felsic volcanic rocks; black circles p A-type rhyolites (see fig. 6 for felsite classification). White triangles and circles are data from Meng et al. (2010 Meng et al. ( , 2013 and Zhang et al. (2011) . A color version of this figure is available online. Figure 6 . a, Ga/Al ratios versus Nb diagram (from Whalen et al. 1987) . b, A1 and A2 subgroup discriminations of A-type rhyolites in the Songliao basin according to Eby (1992) . Symbols as in figure 5 . A color version of this figure is available online.
2003). The fractionated LREE pattern, however, could also result from mineral inclusions in zircons. Zircons from the A-type rhyolite sample have higher concentration of HREE ( fig. 9b) and HFSE  (fig. 9a) , consistent with zircon grains from typical A-type granites, particularly those from anorogenic settings (Nardi et al. 2013 ). Zircons from A-type rhyolites show pronounced Eu anomalies, indicating that plagioclase fractionation was more important as in the I-type melt ( fig. 9b) .
Whole-Rock Sm-Nd and Zircon Hf Isotopes. Sm-Nd isotope analyses were performed on 15 felsic samples, and the results are presented in table 3 and plotted in figure 11b, 11c . All samples show relatively homogeneous Nd isotopic compositions. ε Nd(t) values of I-type dacites/rhyolites (1.2-2.1) and Atype rhyolites (1.9-2.4) are consistent with a derivation from the mantle. All samples have similar Nd model ages, T DM Nd, between 0.5 and 0.8 Ga (table 3) .
The Hf isotopic composition of zircons provides further information on the source and age of the magmatic protolith. Hf isotopic analyses were performed on the same zircon grains used for U-Pb dating analyses. In situ Hf isotopic analyses of zircons are listed in table S3 and shown in figure 11a .
Zircons fig. 11a ).
Discussion
Petrogenesis of the Early Cretaceous Volcanic Rocks.
Differentiated felsic volcanic rocks are usually generated during long-term magma evolution. Largevolume rhyolite provinces occur in a variety of tectonic settings, including continental margins and continental rift zones (Riley et al. 2001) . The petrogenesis of these rocks is important to better understand igneous processes within the continental crust and to constrain the nature of the interaction between continental crust and the underlying mantle (Annen et al. 2006) . Two different models are employed to explain the generation of silicic magmas. In the first model, these rocks are related to a mantlederived parent magma that experienced a high degree of fractional crystallization or assimilation and fractional crystallization. This process is often suggested for small felsic magma batches, because unreasonably large amounts of basalt should be crystallized, to generate large volumes of silicic magma (Shinjo and Kato 2000) . The second model, in which basaltic magmas provide heat for the partial melting of crustal rocks, is considered more appropriate for the large-volume rhyolitic eruptions with a general Figure 7 . Harker variation diagrams for late Mesozoic A-and I-type dacites and rhyolites from the Songliao region. For a given degree of magma fractionation, the two types of felsic rocks have different elemental concentrations. Symbols as in figure 5 . A color version of this figure is available online. paucity of intermediate products (Bryan et al. 2002; Yamamoto 2007) .
The early Cretaceous stratigraphy of the Songliao basin is dominated by rhyolitic rocks interbedded with minor mafic-intermediate lava flows. It has been argued that the volcanic rocks of the Songliao basin were generated in a subduction zone environment (e.g., Wang et al. 2002a; Xu et al. 2013) . Although the I-type dacites and rhyolites and A-type rhyolites investigated in this study have much in common on geochemical compositions (figs. 5, 8), the representative difference between them (figs. 7, 9, 10) could provide more information on petrogenesis of the felsic rocks. I-type rocks are enriched in large ion lithophile elements (LILEs) and LREE and depleted in HFSE, especially in Nb and Ta ( fig. 8a, 8b) , possessing features similar to subduction-related arc rocks that were modified in crustal magma chambers. Zircons in these rocks show depleted Hf-isotope compositions and young Hf and Nd model ages (tables 3, S3; fig. 11a ), and this excludes the contribution of old crustal material during the genesis of the felsic rocks. Their Nd isotopic ratios plot between the CAOB basement and the depleted mantle, indicating that the involvement of a mantle component, as was already claimed for the subordinate mafic-intermediate volcanic rocks in this area Zhang et al. 2009; Song et al. 2010 ; fig. 11b, 11c) . The origin of these basic rocks, which are isotopically identical to the dacites and rhyolites and also show HFSE depletion and LILE enrichment, has been explained by melting of subduction-modified mantle sources (e.g., Song et al. 2010) . The I-type felsic rocks have high Ba/Nb ratios ( fig. 10a) , a diagnostic feature of fluid metasomatism (Gill 1981) . In the Pearce diagrams (Pearce et al. 1984 ; fig. 10b, 10c) , they plot into the volcanic arc field, indicating that their parental magmas have subduction-related affinities. From the arguments outlined above we conclude that the I-type felsic rocks of the Songliao basin formed by partial melting of newly produced crust, which, in turn, was created from subductionmodified mantle material above a subduction zone. Boynton (1984) and primitive mantle values from Sun and McDonough (1989) . A color version of this figure is available online.
The I-and A-type felsic rocks have similar trace element patterns, but the latter have more pronounced negative Ba, Sr, P, Eu, and Ti anomalies and higher HFSE and HREE contents, and most Atype samples have no negative Nb-Ta anomalies ( fig. 8d ), which is a general feature of A-type granitoids (La/Nb !1; Martin et al. 1994) . A few samples also have high La/Nb ratios, but this is due to the enrichment of REE rather than to the depletion of HFSE such as Nb and Ta (tables 1, 2).
Although A-type granites are usually associated with extensional tectonic environments, there is no clear consensus on their origin. Models of formation range from fractionation of basaltic magmas, with or without crustal contamination (e.g., Loiselle and Wones 1979; Turner et al. 1992; Smith et al. 1999; Anderson and Morrison 2005) , to melting of deep crustal lithologies such as granulitic metaigneous rocks that were previously depleted by extraction of a hydrous felsic melt (e.g., Collins et al. 1982; Clemens et al. 1986; Whalen et al. 1987) . Experimental and geochemical investigations indicate that A-type granites form at higher temperatures than calc-alkaline rocks (Clemens et al. 1986; King et al. 2001 ). This suggests that extensive fractional crystallization of mantlederived intermediate and mafic magma does not play a major role during the formation of A-type granites. Besides, large volumes of mafic to intermediate rocks, as would be expected if extensive fractional crystallization took place, are usually absent (Sylvester 1989) . In addition, the rhyolites that lack Nb and Ta anomalies cannot be generated from mafic or intermediate melts by fractional crystallization since this process would cause strong depletion of Nb and Ta.
Because the A-type rhyolites are closely associated with I-type dacites and rhyolites in the Songliao basin, it is unlikely that their parental magma was derived from the depleted mantle. All volcanic rocks of the Songliao basin have similar isotopic composition, and this signature gives rise to the assumption that they were derived from the same source. It has been proposed that A-type granites can originate from partial melting of F-and/or Clenriched dry, granulitic (or charnockitic) residue from which a granitoid melt was previously extracted (Collins et al. 1982; Clemens et al. 1986; Landenberger and Collins 1996; King et al. 1997) . A similar origin has been discussed for rhyolites around the Hailar basin, about 600 km northwest of the Songliao basin (Li et al. 2014a) . These authors argue that the A-type rhyolites, which formed after a long period of I-type magma production, were generated by high-temperature partial melting of lower continental crust, which was depleted by previous I-type melt extraction, and the anhydrous melting with high F contents increased the HFSE contents in the melt (Li et al. 2014a) . Considering a similar geological background ( fig. 1a) , we advocate the conclusion that the A-type rhyolites in Songliao basin were generated by similar processes.
Although I-and A-type felsic rocks show consistent isotopic compositions ( fig. 11) , they probably had different protoliths. This is supported by the differences in trace-element patterns discussed before. The zircons of the two types of felsic rock also show distinct compositional features. Zircon was an early-crystallizing mineral in both I-and Atype rhyolitic rocks and became included in bio- tite, magnetite, and feldspars during subsequent crystallization according to the observation of thin sections. Zircons in A-type rhyolites have extremely negative Eu anomalies and higher HFSE and HREE concentrations than zircons from I-type felsic rocks ( fig. 9 ). It is also noticeable in figure 10a that the Atype felsic rocks have low Ba/Nb and high Nb/La ratios and plot in the field of within-plate granitoids in the Pearce diagrams ( fig. 10b, 10c ). Together with their A1 affinities (Eby 1992;  fig. 6b ), we suggest that the parental magma of the A-type rhyolites was generated under anhydrous conditions and at considerable high temperatures. It seems most likely that Mesozoic extension of the lithosphere beneath NE China led to melting of juvenile lower crust and the production of A-type rhyolites.
Age Constraints on Lithospheric Extension. It has been previously suggested that volcanism in the Songliao basin lasted from 160 to 102 Ma, with two major peaks in the late Jurassic (157-147 Ma) and early Cretaceous (139-113 Ma), corresponding to the Huoshiling and Yingcheng volcanic episodes, respectively (Wang et al. 2002a (Wang et al. , 2002b . Recently performed high-precision age determinations, however, show evidence for younger (i.e., early Cretaceous) ages of volcanic rocks from the Huoshiling (133-129 Ma; Pei et al. 2008) and Yingcheng (120-109 Ma; Ding et al. 2007; Jin et al. 2011; Zhang et al. 2011) Formations.
The Yingcheng Formation hosts the most widespread volcanic rocks within the Songliao basin. The zircons from I-and A-type volcanic rocks of this formation show identical U-Pb ages of 114 5 2 and 113 5 2 Ma (fig. 4) . These results are consistent with previously obtained U-Pb zircon ages from volcanic rocks of the Yingcheng Formation. Our samples were collected from the uppermost section of the Yingcheng Formation and, therefore, it can be assumed that the zircon ages date the final stage of intense volcanic activity within the Songliao basin.
Geophysical data indicate a present-day crustal thickness of about 30 km below the Songliao basin, and this crust is underlain by ca. 30-50 km of mantle lithosphere (Xu et al. 2000; An and Shi 2006; Li et al. 2006) . The Moho depth varies from 27 to 36 km, with the shallowest and deepest parts being located at the eastern and northwest flanks of the basin, respectively (Tao et al. 2014) . The Songliao basin experienced intense rifting and extension during late Mesozoic lithospheric thinning in NE China (e.g., Meng 2003) . Thickness estimates for the early Cretaceous amount to ∼28 km for the crust and ∼30 km for the underlying lithospheric mantle (Xu et al. 2000) .
The bulk composition of the rocks together with inferences about the residues left from melting can be used to evaluate the petrogenesis of the volcanic rocks. Adakitic rocks have high Sr values, high La/ Yb and Sr/Y ratios, low HREE and Y contents, and no significant Eu anomalies. These characteristics imply that the equilibrated residues were garnet rich and that plagioclase was not a significant residual phase (Nash and Crecraft 1985; Otamendi Zhang et al. (2006a Zhang et al. ( , 2006b ) and Zhang and Li (2012) . The negative Sr and Eu anomalies of the A-type rhyolites, together with low MgO, CaO, P 2 O 5 , Al 2 O 3 , and TiO 2 content and high K 2 O content ( fig. 8c, 8d ; tables 1, 2), imply that these rocks were in equilibrium with a plagioclase-, hornblende-, and pyroxene-rich residue. In such case, resulting liquids are low in Al 2 O 3 , which is retained in the source by residual plagioclase, and FeO t cannot be effectively retained by Mg-rich pyroxenes and amphiboles (Hollocher et al. 2002) . Such residue can form only at pressures !10 kbar (Wolf and Wyllie 1994; Springer and Seck 1997; Zhang and Li 2012) .
The I-type dacites and rhyolites of the Songliao basin have higher Sr and Al 2 O 3 concentrations compared to their A-type counterparts (tables 1, 2). In the I-type rocks moderate negative Eu anomalies are present only in whole-rock data ( fig. 8a, 8b) , not in zircon data ( fig. 9b ). This implies that residual plagioclase was less important in their petrogenesis. Whereas I-type melts can be produced in continental crust far exceeding normal crustal thickness, A-type rhyolites, with extremely low Sr values and negative Eu anomalies, are related to crustal source regions less than 30 km (Zhang et al. , 2006b Zhang and Li 2012) . Based on these observations it is suggested that the A-type rhyolites of the Songliao basin were produced by lithospheric thinning during extension. During this phase, upwelling asthenosphere provided sufficient heat for crustal melting. Based on the age of these A-type rhyolites, this lithospheric thinning occurred around 110 Ma.
Tectonic Implications. It is generally assumed that the Songliao basin and adjacent areas were subjected to extensional tectonics during the late Mesozoic (Shao et al. 2001; Fan et al. 2003; Gao et al. 2005; Wu et al. 2005) . Crustal extension during the Cretaceous was widespread in NE Asia, and this is evident from Figure 10 . a, Ba/La versus Nb/La ratios for A-and Itype felsic volcanic rocks from the Songliao basin. Ba/ Nb ratios 130 indicate subduction-related magmas (Gill 1981) . b, c, Tectonic discrimination diagrams for the late Mesozoic felsic volcanic rocks of the Songliao region (after Pearce et al. 1984) . WPG p within-plate granite; ORG pocean ridge granite; VAG p volcanic arc granite; syn-COLG p syncollision granite. Symbols as in figure 5 . A color version of this figure is available online. the presence of extensive rift basins (e.g., Ren et al. 2002; Meng 2003; Wang et al. 2011) , widespread calcalkaline magmatism (e.g., Fan et al. 2003; Tomurtogoo et al. 2005) , and metamorphic core complexes (e.g., Wang et al. 2011 identical to the ages of A-type granites and volcanic rocks in NE China (Wu et al. 2002 (Wu et al. , 2005 ; this study). However, the mechanism of crust extension of NE China during this period is still a matter of debate because of superposed events such as Paleo-Asian ocean closure and circum-Pacific and Mongol-Okhotsk tectonic regimes.
Large-scale extension and widespread Mesozoic volcanic eruption in NE China have been explained by upwelling mantle plume (Ge et al. 1999; Lin et al. 2000; Dobretsov and Vernikovsky 2001) , postorogenic collapse of overthickened lithosphere after closure of the Mongol-Okhotsk Ocean (Fan et al. 2003; Meng 2003; Wang et al. 2006a ), back-arc lithospheric extension due to rollback of the subducting Paleo-Pacific plate (Zhao et al. 1989; Faure and Natalin 1992; Li and Shu 2002; Sun et al. 2013) , and lithospheric delamination (Tomurtugoo et al. 2005; Wu et al. 2005; Wang et al. 2006a; Zhang et al. 2010 ). Several models (e.g., Wang et al. 2006a; Zhang et al. 2010 Zhang et al. , 2011 ) rest on the observation that the age of the volcanic rocks decreases from west to east, but this age migration is still a controversial subject as the igneous rocks were generated under a complex geological context between the PaleoAsian Ocean and the Mongol-Okhotsk and circumPacific tectonic regimes (Xu et al. 2013) . For example, for contemporaneous magmatic activity in western Great Xing'an and eastern Zhangguangcai (mafic intrusions and porphyry Cu-Mo deposit both emplaced at 180-170 Ma), different geodynamic settings were proposed (Zhang et al. 2010; Chen et al. 2011; Yu et al. 2012; Zhou et al. 2013) . Moreover, new zircon U-Pb ages of the volcanic rocks are much younger than the previous Ar-Ar and Rb-Sr dating results. Therefore, it is necessary to reeval- Figure 11 . a, Zircon Hf isotopic evolution diagram for A-and I-type rhyolites from the Songliao region. Gray squares represent data for Mesozoic granitic rocks in NE China (Sui et al. 2007; Wu et al. 2011b; Zeng et al. 2011; Zhou et al. 2013; Li et al. 2014b) . b, Nd isotopic evolution diagram for late Mesozoic volcanic rocks from the Songliao basin. Initial ε Nd values (t p 110 Ma) are plotted as a group for better visibility of data points. Open squares p data from mantle-derived samples Zhang et al. 2009; Song et al. 2010 ). Data field: solid line p Mesozoic granitic rocks from the Songliao basin (Wu et al. , 2001 (Wu et al. , 2003 ; field in gray p middle Carboniferous to middle Permian Central Asian Orogenic Belt basement (data from Wu et al. 2000; Jian et al. 2008; Chen et al. 2009 ). c, SiO 2 versus initial ε Nd values showing isotopic similarity between mantle-and crust-derived felsic volcanic rocks. Symbols as in figures 2, 5. A color version of this figure is available online. uate the timing of the Mesozoic volcanic activity in NE China.
Volcanic rocks of the Hailar basin, Great Xing'an range, have many features in common with the Iand A-type dacites/rhyolites investigated in this study. In the Hailar basin, long-lasting I-type volcanic activity was followed by eruptions of A-type rhyolites (Li et al. 2014a ). The A-type rhyolites in both basins have identical geochemical characteristics and show a young trend from Hailar to Songliao from 125 to 110 Ma. This signature could imply that Mesozoic lithospheric extension ceased asynchronously from west to east. Moreover, this migration could be related to the rollback process of the Paleo-Pacific subducted plate (e.g., Wu et al. 2005; Zhang et al. 2010) , which led to asthenosphere uprising from Hailar in the west to Songliao in the east.
Conclusions
I-and A-type dacites and rhyolites were identified in the early Cretaceous Yingcheng Formation of the Songliao basin. Whole-rock and zircon geochemical characteristics of these rocks confirm their derivation from different protoliths. I-type rocks were generated by partial melting of newly formed crust that originated from partial melting of subduction-modified mantle sources. Geochemical features of the A-type rhyolites support partial melting of I-type felsic lower crust under anhydrous conditions at considerable high temperatures during a period of lithosphere extension.
Zircons of the A-and I-type volcanic rocks show identical U-Pb ages of ∼110 Ma. Geochemical features of the A-type rhyolites (low Sr, Al 2 O 3 , strongly negative Eu anomalies in whole rock and zircon, high contents of HREE and HFSE) reflect a shallow crustal melting depth. We conclude that the amount of thinning of the lithosphere below the Songliao basin reached its maximum around 110 Ma.
Mesozoic lithospheric extension in NE China ceased asynchronously from west to east from 125 to 110 Ma. This migration might be related to the rollback process of the Paleo-Pacific subducted plate.
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